Recent studies have demonstrated that adult humans have substantial amounts of functioning brown adipose tissue (BAT). Since BAT has been implicated as an anti-obese and anti-diabetic tissue, it is important to understand the signaling molecules that regulate BAT function. There has been a link between insulin signaling and BAT metabolism as deletion or pharmaceutical inhibition of insulin signaling impairs BAT differentiation and function. Tribbles 3 (TRB3) is a pseudo kinase that has been shown to regulate metabolism and insulin signaling in multiple tissues but the role of TRB3 in BAT has not been studied. In this study, we found that TRB3 expression was present in BAT and overexpression of TRB3 in brown preadipocytes impaired differentiation and decreased expression of BAT markers. Furthermore, TRB3 overexpression resulted in significantly lower oxygen consumption rates for basal and proton leakage, indicating decreased BAT activity. Based on previous studies showing that deletion or pharmaceutical inhibition of insulin signaling impairs BAT differentiation and function, we assessed insulin signaling in brown preadipocytes and BAT in vivo. Overexpression of TRB3 in cells impaired insulin-stimulated IRS1 and Akt phosphorylation, whereas TRB3KO mice displayed improved IRS1 and Akt phosphorylation. Finally, deletion of IRS1 abolished the function of TRB3 to regulate BAT differentiation and metabolism. These data demonstrate that TRB3 inhibits insulin signaling in BAT, resulting in impaired differentiation and function.
INTRODUCTION
It has long been thought that stimulating adaptive thermogenesis might prevent or treat obesity and diabetes [1] . Expanding the activity of brown fat in mice through genetic manipulation, drugs or transplantation suppresses metabolic disease and improves insulin sensitivity [2] [3] [4] . Mice with increased activity of BAT resist weight gain and display improvements in systemic metabolism [2, 5] . Consistently, Uncoupling protein 1 (UCP1)-deficient mice and transgenic mice with toxigene-mediated reduction of BAT gain more weight than controls and develop insulin resistance at thermoneutral (28-30°C) conditions [6, 7] . Despite its potential physiological importance, study of this concept has been neglected due to the belief that BAT is limited to rodents and human infants. However, recent studies from different groups demonstrated that functional BAT is present in adults [8] [9] [10] . The identification of functional BAT in adults has evoked widespread interest in the basic and clinical research related to obesity, diabetes, and metabolic diseases.
Active BAT produces heat by the inducible thermogenesis system to maintain body temperature in cold exposure through activation of UCP1, a protein that facilitates proton leak into the mitochondrial matrix, bypassing ATP synthase. UCP1 therefore leads to waste energy and acts against excess energy accumulation, resulting in the prevention or treatment of obesity and metabolic diseases. Given the recognition of BAT in humans, it is important to understand the regulation mechanism for UCP1 expression and BAT function, but the mechanism has never been elucidated.
TRB3, a mammalian homolog of Drosophila tribbles, is a pseudokinase and therefore contains a kinase domain without enzymatic activity [11] . TRB3 is expressed in various tissues, including liver, adipose tissue, heart, and skeletal muscle [12] [13] [14] [15] . In the liver, TRB3 binds and inhibits Akt activity, leading to impaired insulin signaling [12] . Overexpression of TRB3 in mouse liver results in decreased glycogen content, increased hepatic glucose output and blood glucose concentrations, and impaired glucose tolerance [12] , whereas disruption of TRB3 in mouse liver by RNAi improves glucose tolerance [12] . In pancreatic β cells, overexpression of TRB3 in mice inhibits glucose-stimulated insulin secretion and impairs glucose homeostasis [16] . However, studies performed in adipose tissue suggest TRB3 has a very different role, functioning in the regulation of fatty acid oxidation through ubiquitination of Acetyl-CoA Carboxylase [13] . Mice overexpressing TRB3 in adipose tissue are protected from diet-induced obesity due to enhanced fatty acid oxidation [13] . The role of TRB3 in BAT has not been studied and therefore remains to be elucidated.
In the current study we tested the hypothesis that TRB3 inhibits BAT differentiation and its function. We found that TRB3 expression is present in mouse BAT. Overexpression of TRB3 in brown preadipocytes inhibits differentiation, UCP1 expression and insulin signaling, which are associated with decreased oxygen consumption rates for basal and proton leakage. In addition, TRB3 knockout mice display improved insulin signaling in BAT. These data demonstrate that TRB3 inhibits BAT differentiation and metabolism presumably via insulin signaling.
MATERIALS AND METHODS

Animals
Protocols for animal use and experimental procedures were conducted in accordance with NIH guidelines and approved by the Institutional Animal Care and Use Committee of the Joslin Diabetes Center and University of South Carolina. C57BL/6 wild type mice from Charles River, or whole body TRB3 knockout mice [17] were maintained in a pathogen-free animal facility under standard 12-hour light/12-hour dark cycle, and unless indicated, were maintained on a chow diet (20% of calorie from fat; Lab Diet 5020). Mice were studied at 8-12 weeks of age, as specified in figure legends.
Cell culture
Immotalized brown preadipocytes were maintained and differentiated as described [18] [19] [20] . Briefly, brown preadipocytes were grown to confluence in differentiation media (DMEM containing 20 nM Insulin, 1 nM T3 and 10% FBS) and then media were changed into induction media (differentiaton media, 125 mM Indomethacin, 2 mg/ml dexamethasone and 250 mM IBMX; defined as Day 0). After 48 hr incubation (Day 2), cell media were switched back to differentiation media and renewed with fresh differentiation media every second day afterward.
Measurements of oxygen consumption
Cellular metabolic rates were measured using a XF24 Analyzer (Seahorse Bioscience). Brown preadipocytes were seeded (30,000 cells/well) into gelatin-coated XF24 V7 cell culture plates (Seahorse Bioscience) and cultured overnight at 37°C with 5% CO 2 . The next day, cells were induced to differentiate to brown adipocytes for 5 days. At the end of differentiation, the media were replaced with pre-warmed XF24 assay medium (DMEM, 1 mM Glutamax-1, 2 mM pyruvate, 141 mM NaCl and 25 mM glucose) for 1 hr. O 2 tension immediately around the cells was measured by optical fluorescent biosensors embedded in a sterile disposable cartridge placed into the wells of the microplate during the assay. The measurement was done at baseline and following injection of oligomycin (2 µM; Calbiochem; ATP turnover), carbonyl cyanide p-trifluoromethoxy phenylhydrazone (FCCP, 1 µM; Sigma; maximum respiratory capacity) and rotenone (1 µM; sigma; nonmitochondrial respiration). Oxygen consumption rate (OCR) was calculated by plotting the O 2 tension of the medium in the microenvironment above the cells as a function of time (pmoles min −1 ). Proton leak was also calculated by subtracting the ATP turnover and the non-mitochondrial respiration components of basal respiration. Respiration results were normalized to the DNA content measured spectrofluorometrically.
RNA isolation and Real-time PCR analysis
Total RNA was extracted from brown preadipocytes or mouse brown adipose tissue using TRIzol (Life Technologies). First strand cDNA was synthesized using High Capacity cDNA kit (Life Technologies). Primer sequences for the Real-time PCR were as follows: TBP, F 5′-ACCCTTCACCAATGACTCCTATG-3′, R 5′-TGACTGCAGCAAATCGCTTGG-3′; TRB3, F 5′-TCTCCTCCGCAAGGAACCT-3′, R 5′-TCTCAACCAGGGATGCAAGAG-3′; PRDM16, F 5′-GACATTCCAATCCCACCAGA-3′, R 5′-CACCTCTGTATCCGTCAGCA-3′; UCP1, F 5′-ACTGCCACACCTCCAGTCATT-3′, R 5′-CTTTGCCTCACTCAGGATTGG-3′; PPARγ, F 5′-TCAGCTCTGTGGACCTCTCC-3′, R 5′-ACCCTTGCATCCTTCACAAG-3′; CIDEA, F 5′-TGCTCTTCTGTATCGCCCAGT-3′, R 5′-GCCGTGTTAAGGAATCTGCTG-3′. Relative mRNA levels were calculated with the PCR product for each primer set normalized to TBP RNA.
Western blot analysis and antibodies
Tissues and cells were rapidly processed in lysis buffer [21, 22] . Western blot analyses were used to assess protein and phosphorylation levels of various molecules. Primary antibodies purchased from commercial sources included α-tubulin, UCP1 (Santa Cruz); IRS1 (Upstate); IRS-1-Tyr 612 (Biosource); and p-Akt-Ser 473 , Akt, (Cell Signaling). Secondary antibodies used were horseradish peroxidase (HRP)-conjugated anti-rabbit (Amersham), HRP-conjugated anti-mouse (Upstate), and HRP-conjugated anti-goat (Promega). All the indicated antibodies were used at the dilutions suggested by the manufacturer. Antibody to TRB3 was a gift from Dr. Montminy [12] . Blots were developed using ECL reagents (Amersham Pharmacia), and bands were visualized and quantified using ImageJ (NIH).
Statistical analysis
Data are means ± S.E.M. All data were compared using Student's t-test, one-way ANOVA, or two-way ANOVA. The differences between groups were considered significant when p < 0.05.
RESULTS
Overexpression of TRB3 inhibits brown adipose differentiation and function
TRB3 is expressed in multiple tissues, including liver, adipose tissue, pancreatic β cells and skeletal muscle [12, 13, 16, 22] , and here we first determined the TRB3 expression in brown adipose tissue (BAT). TRB3 expression was high in liver and pancreas and lower in white adipose tissue (WAT) (Fig. 1a) . TRB3 was notably expressed in BAT (Fig. 1a) .
We next determined if overexpression of TRB3 would regulate BAT differentiation and/or function. Since TRB3 has been shown to inhibit differentiation of myoblast and preadipose cells, C2C12 and 3T3-L1 [23, 24] , we hypothesized that TRB3 regulates BAT differentiation and function. To this end, we studied brown preadipocytes that were established in earlier studies [18, 19] , and first analyzed the TRB3 expression during differentiation. TRB3 mRNA was increased by 6.8-fold compared to initial levels as the preadipocytes underwent 8 days of differentiation (Fig. 1b) . This change occurred in parallel with changes in established brown adipose tissue markers, including PRDM16, Cell death activator (CIDEA), Peroxisome proliferator-activated receptor γ (PPARγ) and UCP1 ( Fig. 1  f-i) . To determine the role of TRB3 on brown adipose differentiation, we stably expressed TRB3 in brown preadipocytes using retrovirus, which resulted in 42-fold overexpression of TRB3 compare to control cells (Fig. 1c) , and then assessed the differentiation to brown adipocyte by Oli-Red O staining, a specific dye for triglycerides and lipids. Overexpression of TRB3 showed a marked defect in differentiation compared to control cells (Fig. 1d and  e) . The decreased differentiation was associated with suppression of gene expression involved in brown adipocyte differentiation, including PRDM16, CIDEA and PPARγ (Fig. 1  f-h) . Importantly, overexpression of TRB3 inhibited UCP1 mRNA and protein expression ( Fig. 1i and j) . These data suggest that overexpression of TRB3 negatively regulates brown adipocyte differentiation.
TRB3 modulates cellular bioenergetics in brown adipose tissue
One of the characteristics of BAT is high uncoupling and oxygen consumption rates (OCR). Consequently, measuring metabolic rate has been used to assess BAT activity [25] [26] [27] [28] . Since TRB3 appears to regulate BAT differentiation and insulin signaling, we hypothesized that TRB3 regulates cellular bioenergetics in BAT. To determine the effects of TRB3 on metabolic rate in BAT, wild type and TRB3 overexpressing brown preadipocytes were differentiated for 5 days to measure OCRs for various components using the Seahorse XF24 analyzer (Fig. 2a) . Overexpression of TRB3 displayed significantly lower basal OCR compared to control cells ( Fig. 2a and b) . OCR for proton leak and ATP turnover was then measured following administration of oligomycin (an inhibitor of ATP synthase) and subsequently rotenone (an inhibitor of mitochondrial respiratory chain complex I). TRB3 overexpression exhibited lower proton leak associated OCR compared to controls by 51% (Fig. 2c) , whereas no change in ATP turnover (Fig. 2d) . Maximal respiration tended to decrease with TRB3 overexpression, although the difference was not statistically significant (Fig. 2e ). These data demonstrate that TRB3 impairs cellular metabolism in brown preadipocytes and therefore lower activity.
TRB3 regulates insulin signaling in BAT
Since TRB3 has been shown to inhibit insulin signaling in multiple tissues [12, 22] and deletion or pharmaceutical inhibition of insulin signaling impairs BAT differentiation and function [18] [19] [20] , we hypothesized that TRB3 regulates BAT function via inhibition of insulin signaling. Therefore, we determined the effects of TRB3 on insulin signaling in BAT. Compared to control cells, overexpression of TRB3 in brown preadipocyte cells resulted in a significant decrease in insulin-stimulated IRS1 Tyr 612 phosphorylation ( Fig. 3a  and b) , an upstream regulator of PI3 kinase activity [29] . Consistently, insulin-stimulated Akt Ser 473 was also significantly decreased with overexpression of TRB3 (Fig. 3a and c) . Expression of IRS1 and Akt was not different between groups (Fig. 3a) . We next studied TRB3 knockout (TRB3KO) mice if deletion of TRB3 would improve insulin signaling in BAT. The TRB3KO mice have been generated and studied in previous studies [17, 22] . Wild type or TRB3KO mice were injected with saline or insulin (1U/kg; i.p.) and BAT was dissected to determine insulin signaling. Insulin-stimulated IRS1 Tyr 612 and Akt Ser 473 phosphorylation was enhanced in BAT from TRB3KO mice compared to wild type mice (Fig. 3 d-f ). These data demonstrate that TRB3 regulates insulin signaling in BAT.
Overexpression of TRB3 does not alter differentiation in IRS1KO brown preadipocytes
Given that TRB3 regulated insulin signaling in BAT, we next determined if IRS1/Akt signaling is required for the TRB3 regulation of BAT differentiation and function. To this end, we studied brown preadipocytes from IRS1 knokcout mice. IRS1KO brown preadipocytes have been shown to inhibit differentiation [18] [19] [20] . Consistent with previous study [19] , TRB3 expression was higher in IRS1KO cells compared to wild type cells by 2.9-fold (Fig. 4a) . We overexpressed TRB3 in IRS1KO cells and differentiated the cells for 8 days. Overexpression of TRB3 in IRS1KO cells did not alter differentiation by measuring Oil-Red O staining (Fig. 4b) . We differentiated the cells further up to 12 days and we could not find any difference in Oil-Red O staining between two groups (data not shown). mRNA expression of PRDM16 and UCP1 was not different between two groups, with a significant decrease in UCP1 expression only at 8 days of differentiation in TRB3 overexpressing cells (Fig. 4c) . These data suggest that IRS1/Akt signaling is important for the function of TRB3 to regulate BAT differentiation and metabolism.
DISCUSSION
It is now well established that igniting thermogenesis has attractive perspectives for health [1] . Not only would it enable us to prevent obesity in response to an excess of food, but it would also counteract obesity-related comorbidities, including type 2 diabetes. Therefore, it is important to understand the molecular mechanisms leading to the impairments in BAT metabolism and activity. In the current study we tested the hypothesis that TRB3 plays a role in the regulation of BAT metabolism and function. The current results support this hypothesis as indicated by: 1) overexpression of TRB3 in brown preadipocytes impaired differentiation, insulin signaling and oxygen consumption rate; 2) knockout of TRB3 in mice significantly improved insulin signaling in BAT; and 3) effects of TRB3 on BAT differentiation was reduced in the brown preadipocytes from IRS1 knockout mice.
The role of TRB3 in BAT has not been studied and therefore remains to be elucidated. Qi et al. have generated a transgenic mouse overexpressing TRB3 in white and brown adipose tissue under control of aP2 promoter [13] . The transgenic mice are protected from dietinduced obesity and display enhanced fatty acid oxidation and increased oxygen consumption [13] . Due to the overexpression of TRB3 in both white and brown adipose tissue, it is difficult to differentiate the overexpression effects of TRB3 in white and brown adipose tissue and therefore, the role of this protein in BAT needs to be determined. They also did not study the role of TRB3 on BAT differentiation in the study.
Okamoto et al. reported generation of whole body TRB3 knockout mice [17] . Given the function of TRB3 in BAT, we would expect to see a change in energy metabolism, especially oxygen consumption. However, the TRB3KO mice showed no difference in basal metabolic rates and resting oxygen consumption [17] . The lack of effect may be due to the different functions of TRB3 in various tissues, thereby a metabolic effect from one tissue in TRB3KO mice would be diminished by a different effect from another tissue. TRB3 has been shown to inhibit insulin signaling in liver and skeletal muscle [12, 15, 22] but role of the protein in white adipocytes is to promote fatty acid oxidation. Thus, the beneficial effects of a reduction in BAT TRB3 expression on energy metabolism may be masked by the detrimental effects of a reduction in adipocyte TRB3 expression. Whether BAT TRB3 affects whole body metabolism will be important area of future investigation and the study is ongoing in our laboratory.
A role for TRB3 in inhibiting brown preadipocytes differentiation is reasonable given recent indications that TRB3 plays an important role in adipocytes and myoblast differentiation [23, 24, 30] . TRB3 inhibits adipocyte differentiation through inhibition of transcription factors, PPARγ [30] or C/EBPβ [24] . In current study we found that TRB3 overexpression in brown preadipocytes inhibits cellular differentiation and BAT metabolism. The inhibition of BAT differentiation by TRB3 appears to be the result of insulin signaling inhibition. Overexpression of TRB3 in brown preadipocytes inhibits insulin signaling and the effects of TRB3 on the regulation of BAT differentiation and metabolism was significantly diminished in IRS1KO cells. Previous studies demonstrated that inhibition of insulin signaling impairs BAT differentiation and function [18] [19] [20] 31] . Knockout of insulin receptor or IRS1 in mice or brown preadipocytes inhibits cellular differentiation. Furthermore, treatment of brown preadipocytes with PI 3-kinase inhibitor LY294002 significantly decreases differentiation [20] . Thus, the available data suggest that TRB3 regulates BAT differentiation and activity via regulation of insulin signaling.
In summary, TRB3 is an important regulator for BAT differentiation and metabolism. TRB3 inhibits insulin signaling in BAT, which in turn blocking BAT differentiation and its activity. Knockdown of TRB3 significantly improves insulin signaling in mouse BAT. Our data also suggest that inhibition of TRB3 expression in BAT may be a new therapeutic target for effectively managing BAT activity and function.
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HIGHLIGHTS
• TRB3 is expressed in brown adipose tissue and its expression is increased during differentiation.
• Overexpression of TRB3 inhibits differentiation and its activity.
• Overexpression of TRB3 in brown preadipocytes inhibits insulin signaling, whereas TRB3KO mice displays improved insulin signaling in brown adipose tissue.
• Insulin signaling is required for the effects of TRB3 to regulate brown adipose tissue differentiation and activity. (a-c) Brown preadipocytes were incubated with insulin (100 nM) for 10 min. Cell lysates were subjected to Western blot analysis to determine IRS1 Tyr612 (b) and Akt Ser473 (c).
(d-f) Wild type and TRB3KO mice were fasted for 5 hours, injected with saline or insulin (1U/kg) and killed to determine insulin-stimulated phosphorylation of IRS1 at Tyr612 (e) and Akt Ser473 (f) in BAT. Data are the means ± S.E.M., n=3-4/group. * 
